We have identified a new downstream target gene of the Aft1/2-regulated iron regulon in budding yeast Saccharomyces cerevisiae, the late-annotated small open reading frame LSO1. LSO1 transcript is among the most highly induced from a transcriptome analysis of a fet3-1 mutant grown in the presence of the iron chelator bathophenanthrolinedisulfonic acid. LSO1 has a paralog, LSO2, which is constitutively expressed and not affected by iron availability. In contrast, we find that the LSO1 promoter region contains three consensus binding sites for the Aft1/2 transcription factors and that an LSO1-lacZ reporter is highly induced under low-iron conditions in a Aft1-dependent manner. The expression patterns of the Lso1 and Lso2 proteins mirror those of their mRNAs. Both proteins are localized to the nucleus and cytoplasm, but become more cytoplasmic upon iron deprivation consistent with a role in iron transport. LSO1 and LSO2 appear to play overlapping roles in the cellular response to iron starvation since single lso1 and lso2 mutants are sensitive to iron deprivation and this sensitivity is exacerbated when both genes are deleted.
Introduction
Iron is an essential element for life because it is used as a cofactor in many key enzymes required in diverse biological processes. On the other hand, abnormal accumulation of iron can be highly toxic to the cell due to its chemical reactivity. Therefore, cells have evolved various regulatory mechanisms to maintain a balance between iron deprivation and iron overload by controlling cellular iron uptake, intracellular iron trafficking, and utilization of iron. Iron homeostasis in the budding yeast Saccharomyces cerevisiae is largely regulated at the level of transcription and mRNA stability (Philpott and Protchenko 2008; Outten and Albetel 2013) . Yeast cells respond to iron starvation by activating two paralogous iron-dependent transcription factors Aft1 and Aft2, which activate transcription of over 20 genes that are collectively named the iron regulon (Yamaguchi-Iwai et al. 1995; Rutherford et al. 2001) .
Aft1 and Aft2 bind overlapping, albeit distinct target DNA sequences at their target gene promoters (Rutherford et al. 2003 ). Aft1 appears to play a major role in transcriptional activation of the iron regulon as aft1Δ cells exhibit a severe growth defect under iron-deficient conditions, while cells lacking Aft2 do not (Yamaguchi-Iwai et al. 1995; Rutherford et al. 2001) . However, deletion of AFT2 in aft1Δ mutant exacerbates the growth defect under iron-starved conditions, suggesting functional overlap between Aft1 and Aft2 (Rutherford et al. 2001 ). Both nuclear localization of the Aft1 and Aft2 proteins and their occupancy at the target promoters are subjected to negative regulation by protein-protein interactions that involve Grx3, Grx4, Fra2, and Fra1 in combination with iron-sulfur clusters (ISCs) (Ojeda et al. 2006; Pujol-Carrion et al. 2006 ;
ORIGINAL RESEARCH
The late-annotated small ORF LSO1 is a target gene of the iron regulon of Saccharomyces cerevisiae 942 Kumanovics et al. 2008; Li et al. 2009 Li et al. , 2011 Mühlenhoff et al. 2010) . A Cys-Asp-Cys (CDC) motif shared by Aft1 and Aft2 is essential for in vivo iron signaling, selfdimerization, and interaction with Grx3/4 (Yamaguchi-Iwai et al. 1995; Rutherford et al. 2005; Ueta et al. 2007) . Evidences from genetic studies suggest that Aft1 and Aft2 respond to changes in cellular iron level by sensing the status of the mitochondrial ISC biogenesis (Chen 2004; Rutherford et al. 2005) . Consistent with this notion, binding to ISCs via the CDC motif promotes Aft2 dimerization and weakens its DNA-binding activity (Poor et al. 2014) .
Genes in the iron regulon encode proteins that function in cell surface iron transport (FET3, FTR1, FRE1, and FRE2) , in siderophore iron retention (FIT1-3 and ARN1-4) (Yun et al. 2000 (Yun et al. , 2001 , as well as in iron transport across the vacuolar (FET5, FTH1, FET5 , and SMF3) and mitochondrial (MRS4) membranes (Courel et al. 2005) . In addition, the iron regulon also includes two paralogous genes CTH1 and CTH2, which encode mRNA-binding proteins that facilitate degradation of mRNAs coding for iron-requiring proteins that function in iron-rich metabolic pathways so as to reprioritize iron utilization under irondeficient conditions (Puig et al. 2005 (Puig et al. , 2008 Martínez-Pastor et al. 2013) . Upon iron starvation, cells induce FET3-FTR1 encoding the high-affinity multicopper oxidase-iron permease complex via Aft1-mediated transcriptional activation to increase iron uptake at the cellular surface (Askwith et al. 1994; Stearman et al. 1996) . In this study, we examined genome-wide transcript level changes in response to iron chelation in a sensitized fet3-1 mutant background. At the top of the list of the genes that are highly induced by iron starvation is the late-annotated small open reading frame LSO1, which has recently been shown to be induced by copper-BPQ (2-(6-benzyl-2-pyridyl)quinazoline) treatment that induces many genes of the iron regulon (Foster et al. 2014a) . For the first time, we provide evidences that LSO1 is an authentic downstream transcriptional target of Aft1. LSO1 has a paralog LSO2, the expression of which is not regulated by iron. Simultaneous removal of LSO1 and LSO2 exacerbates the slow growth defects of fet3Δfet4Δ mutants lacking both the high-and low-affinity iron uptake systems. These results highlight the functional roles of these two small genes for cellular survival under iron starvation.
Experimental Procedures
Yeast strains, plasmids, and media Saccharomyces cerevisiae strains and plasmids used in this study are listed in Table 1 . Cells were grown in standard Yeast Extract Dextrose (YPD) or Synthetic Dextrose (SD) medium. For bathophenanthrolinedisulfonic acid (BPS)-YPD plates, 100 μmol/L of BPS was added. For ferrozine plates, 1 mmol/L of ferrozine was added, which has the capacity of chelating up to 333 μmol/L of Fe, and 25 μmol/L of Fe 2+ was then added. Yeast strains were constructed using tetrad analysis and PCR to screen for mutant combinations.
Yeast microarray analysis
For the microarray analysis, fet3-1 strain DY150-6 (Askwith et al. 1994 ) was grown to log phase (1-2 × 10 6 /mL) in supplemented minimal SD medium (1-2 μmol/L FeCl 3 ) and then 100 μmol/L of BPS was added, which is more than sufficient to chelate most of the iron for 18 h at 30°C. Both control and BPS cultures grew to about 4 × 10 7 cells/mL and then were harvested. RNA was isolated by phenol extraction of whole cells (Sclafani and Fangman 1984) . The experiment was done twice with one control and two BPS cultures used each time. Affymetrix yeast chips with 11 probe pairs per gene and Gene Chip software version 1.4 were used (Table S1 ). It is a statistical analysis based on t-values and the falsediscovery rate (FDR) for the top 178 genes affected. At a FDR of 0.006, we would expect only one (0.006 × 178 = 1.068) to be wrong just by chance. Therefore, these 178 are very significant.
Cell cycle and immunoblot analyses
Flow cytometry of yeast cells stained with propidium iodide and immunoblot of total yeast protein extracts were as described previously (Leon et al. 2008; Wu and Huang 2008) . Cell sizes were determined using a BeckmanCoulter counter Multisizer III using latex beads as size standards. Budding was measured using phase-contrast microscopy at 400× magnification. Clb5-3XHA plasmid Plasmid Description pMH1794 pRS413-P LSO1 -LSO1-3xHA pMH1795 pRS413-P LSO2 -LSO2-3xHA pMHx1807 pRS416-P LSO1 -LacZ HA-dR1 was transformed into strain DY150-6 to allow detection of Clb5 by anti-HA immunoblot (Cross and Jacobson 2000) . Clb2 was detected using a rabbit polyclonal anti-Clb2 antibody from Dr. Doug Kellogg at UC Santa Cruz (Kellogg and Murray 1995) .
β-galactosidase activity assay
Yeast cells were grown overnight in SC-Ura selective liquid medium to stationary phase, diluted 1:100, and grown in fresh SC-Ura medium to early log phase (OD 600 ≈ 0.5).
Liquid β-galactosidase assays were performed on chloroform and sodium dodecyl sulfate-permeabilized cells by using the colorimetric substrate o-nitro-phenyl-β-galactopyranoside (ONPG; Sigma, St. Louis, MO) as described previously (Elledge and Davis 1989) . The P-value is calculated based on independent two-sample t-test.
Indirect immunofluorescence
Fluorescence and DIC microscopy were performed using an E800 microscope (Nikon, Chiyoda, Tokyo, Japan) with the Metamorph imaging software (Molecular Devices, Sunnyvale, CA) as described previously . Mouse monoclonal anti-HA (12CA5) and Fluorescein isothiocyanate (FITC)-conjugated goat-anti-mouse antibodies were used.
Results

Iron deprivation leads to G1 cell cycle arrest
In an effort to establish a model system for studying the effects of iron deprivation on the human cell cycle (Fu and Richardson 2007) , we used the yeast S. cerevisiae because of the wealth of knowledge about its genome, gene expression, and cell cycle regulation. We grew yeast under iron deprivation conditions and then analyzed the cell cycle by flow cytometry and budding index. We used DY150-6, a fet3-1 mutant strain, which is defective in the major high-affinity ferrous transporter (Askwith et al. 1994) , and chelated iron in the medium (1-2 μmol/L) with 100 μmol/L BPS. Cells were grown to log phase in supplemented minimal SD medium and then BPS was added, which is more than sufficient to chelate most of the iron for 9 and 18 h. The cells are arrested in G1 phase of the cell cycle because they were unbudded, contained a G1 content of DNA, and continued to increase in size from 92 to 508 fL ( Fig. 1 ) (Lew et al. 1997 ).
Both the S-phase CDK cyclin Clb5 and the M-phase cyclin Clb2 are reduced in the BPS-treated cells ( Fig. 2) , which is consistent with a late G1 phase arrest before production of these two cyclins (Lew et al. 1997) . The arrested cells are not similar to small, nutrient-deprived G1 cells as they continue to synthesize macromolecules and grow in size.
Iron deprivation affects transcript levels of many iron-regulated genes
To determine the overall transcriptome changes in cells under iron starvation, we isolated RNAs from the fet3-1 strain after 18 h of growth in BPS and analyzed them by microarray hybridization (Table S1 ). We used a statistical analysis based on t-values and the FDR for the top 178 genes affected (Table 2; Table S1 ). At a FDR of 0.006, we would expect only one (0.006 × 178 = 1.068) to be wrong just by chance. Therefore, transcript levels of these 178 genes are significantly altered with 86 genes upregulated and 92 genes downregulated ( Table 2) . Many of the genes were similar to those found in other studies (Shakoury-Elizeh et al. 2004 ) using wild-type yeast strains grown under low-iron conditions (20 μmol/L Fe in media) that are less stringent than ours. Among them are genes involved in iron uptake or trafficking (FIT1-3, ARN2, PCA1, and CCC1), oxidative stress response (HMX1, GRX7, and CCP1), as well as remodeling of iron utilization (TIS11/CTH2), all of which are part of the Aft1/2 iron regulon and are known to bind iron or are regulated by iron. Some are required for the mitochondrial ISC biogenesis pathway: ISU2, FRE6, IBA57, and RIP1 (Table 2) . Iron starvation is known to compromise iron-sulfur (Fe-S) biogenesis and availability of Fe-S clusters, which has been shown to be a key iron signal sensed by the Aft2 transcription factor (Poor et al. 2014) . The LSO1 gene (YJR005C-A) was not found in the initial study (Shakoury-Elizeh et al. 2004) and is the most increased by BPS with an over 200-fold increase in the mRNA (Table 2) . LSO1 was not known during that original study because it was "late-annotated small open reading frame" as the LSO1 encodes a small 93 amino acid gene product not annotated in the original yeast genome project (Goffeau et al. 1996; Cliften et al. 2003; Kastenmayer et al. 2006) . LSO1 was annotated after being found by homology with the genome of the filamentous fungus Ashbya gossypii (Brachat et al. 2003) . Recently, it has been suggested that LSO1 is regulated by iron because LSO1 mRNA was increased by about 18-fold when yeast cells were treated with CuSO 4 and BPQ, a chemical potentiator of copper ion accumulation, which results in a iron deficiency response via damage to mitochondrial ISCs (Foster et al. 2014a) . Furthermore, many of the genes that were upregulated by BPS (Table 2) were also affected (FIT1, ARN2, FIT2, FIT3, HMX1, TIS11, and ARN1) by the BPQ-CuSO 4 treatment. In contrast, the paralogous LSO2 gene (YGR169C-A) was not induced by this regimen. Therefore, we analyzed the function of the LSO1 and LSO2 genes by using both molecular genetic and protein analyses. 
LSO1 is regulated by the Aft1/2 transcription factors
There is no evidence of expression of LSO1 and only SAGE RNA expression data for LSO2 (Cliften et al. 2003; Kastenmayer et al. 2006 ). Our microarray data show both are expressed, but only LSO1 is induced by iron deprivation with BPS (Table 2) . Consistent with the expression data, the LSO1 promoter region contains three consensus binding sequences (YRCACCCY) for the Aft1/2 transcription factors at nucleotide positions -254, -210, and -145 upstream of the start codon ( Fig. 2A) . In contrast, no Aft1/2 binding site was found in the 5′ upstream sequences of LSO2. To determine if LSO1 is regulated by Aft1/2, we constructed a LSO1-lacZ reporter plasmid and analyzed β-galactosidase activities in wild-type, aft1Δ, GalNFS1, and aft1Δ
GalNFS1 mutant cells grown in glucose-containing SD medium (Fig. 2B) . Expression of LSO1-lacZ is reduced by about twofold in aft1Δ mutant relative to the wildtype strain, indicating that Aft1 is required for LSO1 transcription under normal growth conditions. Furthermore, LSO1-lacZ is induced by almost 400-fold in the GalNFS1 mutant grown in glucose-containing SD medium (Fig. 2B) , which is known to activate the Aft1-dependent iron regulon (Chen 2004; Rutherford et al. 2005) . In this situation, Aft1/2 activation occurs because depletion of Nfs1 protein, the cysteine desulfurase that is an essential component of the mitochondrial ISC assembly machinery, leads to Fe-S deficiency (Rutherford et al. 2005) . Consistent with AFT1 regulation, LSO1-lacZ activation by NFS1 depletion was also reduced by about twofold when AFT1 is deleted (Fig. 2B ). 
Lso1 protein expression is regulated by iron and Aft1/2 transcription factors
To determine whether LSO1 and LSO2 produce protein products, the genes were tagged with a 3XHA epitope at the C-terminus under the control of the respective native promoters. Both genes produce protein products at the expected size of 16 kDa as seen in an anti-HA immunoblot (Fig. 3A) . Lso1 protein is present in lower amounts than Lso2 protein (Fig. 3A, lanes 1 vs. 8 ).
Similarly to LSO1 transcription (Fig. 2B) , Lso1 protein level is reduced in aft1Δ mutant relative to the wild-type cells (Fig. 3A, lanes 1-2) . Consistent with the observed LSO1 transcriptional induction, Lso1 protein is induced by iron deprivation that result either from removal of both the high-and low-affinity transporters in fet3Δ fet4Δ double mutant or from iron chelation with 100 μmol/L BPS after 6 h (Fig. 3A , lanes 1 vs. 4 and 5). Moreover, AFT1 appears to play a primary role in controlling Lso1 protein expression as Lso1 protein levels are significantly more reduced in aft1Δ than in aft2Δ mutants under growth conditions both without and with BPS chelation (Fig. 3A , lanes 1-3 and 4-7). Los1 protein is induced to higher levels if BPS treatment is increased to 200 μmol/L for 17 h (Fig. 3B, lanes 1 vs. 2 ). Los1 expression is increased without BPS treatment in a fet3Δ mutant and increases further when BPS is added (Fig. 3B, lanes 3-4) . This is expected as loss of the Fet3 high-affinity iron transporter mimics iron deprivation and shows that fet3Δ mutant cells are essentially starved for iron (Askwith et al. 1994) . We determined the subcellular localization patterns of the Lso1 protein by indirect immunofluorescence. Under iron-replete conditions, Lso1 was enriched in the nucleus (Fig. 3C, top panel) . When cells were starved for iron, both Lso1 and Lso 2 proteins appeared to be more ubiquitously distributed between the nucleus and the cytoplasm (Fig. 3C and D, bottom panel) . Because the tagged Lso1 and Lso2 proteins are both regulated by iron and by the AFT1/2 transcription factors (Fig. 3) , we believe they are functional, even though we do not have any direct evidence for it.
lso1Δ and lso2Δ mutants are sensitive to iron deprivation
To determine if the LSO1 and LSO2 genes are important for the response to iron deprivation, we deleted the two genes individually and in combination. Both lso1Δ and lso2Δ single mutants are sensitive to reduced iron levels in the media that is produced using either ferrozine or BPS iron chelators. With 1 mmol/L ferrozine (having the capacity of chelating 333 μmol/L Fe) and 25 μmol/L of ferrous iron added to the supplemented SC medium, both lso1Δ and lso2Δ single mutants exhibit a mild slowgrowth phenotype, while the lso1Δ lso2Δ double mutant has an increased sensitivity (Fig. 4A ). To observe sensitivity to BPS in YPD medium, we had to delete the FET3 gene (Fig. 4B) . In this case, the lso1Δ mutant is more sensitive than the lso2Δ mutant while an increased sensitivity is again seen in the lso1Δ lso2Δ double mutant, although not as much as with ferrozine in the FET3 wild-type background (Fig. 4A) . As is the case on SC medium, all strains grow similarly on normal YPD medium without BPS (data not shown). From these data, we conclude that Lso1 protein plays a more important role than the Lso2 protein in response to iron deprivation, but there is a partial overlap in function of the two genes. Consistent with this notion, the Lso1 protein is induced during iron deprivation and is part of the Aft1/2 regulon.
Discussion
Our work was the first demonstration that small open reading frames (sORFS) of yeast encode a protein product and have a cellular function. These sORFs were not annotated in the original genomic sequencing efforts because only ORFs > 100 codons were analyzed (Goffeau et al. 1996) . As pointed out, there are many proteins (<100) residues that are important for cellular function, but are difficult to find from genomic data due to statistical noise resulting in the fortuitous identification of runs of in-frame codons (Kastenmayer et al. 2006) . Although many sORFS were analyzed in a genome-wide screen, neither LSO1 nor LSO2 were shown to encode a protein product nor did gene knockouts have a phenotype. Our results support the conclusion from a recent study showing that the antifungal compound copper-BPQ disrupts iron homeostasis because expression of many of the same genes affected by copper-BPQ (Foster et al. 2014b ) is also affected by direct iron chelation with BPS (Table 2) . In both studies, the LSO1 gene was found to be a target of iron deprivation, unlike the paralogous LSO2 gene. Thus, we also conclude that copper-BPQ mimics the effect of iron deprivation and induces iron-regulon pathway via the Atf1/2 transcription factors.
Based on the evidence in this and the previous report (Foster et al. 2014a) , it is reasonable to propose the Lso1 and Lso2 proteins are involved in iron homeostasis. The LSO2 gene is constitutively expressed and may provide a low level of response, while higher levels of the Lso1 protein may be needed for the full response under lowiron conditions and hence it is inducible. These two paralogous proteins are found in many fungi (Fig. 5A ) with some being full length and others sharing homology only at their C terminal halves. Lso1 and Lso2 homologs are present mainly in the large fungal phylum Ascomycota (Fig. 5A) and not in other fungi. Perhaps they have evolved to adapt to the limiting iron conditions in the environment of these organisms (Philpott and Protchenko 2008; Outten and Albetel 2013) . Indeed, iron regulation by the ATF1/2 regulon is important in virulence of the pathogenic yeast Candida albicans (Liang et al. 2010) . Coiled coil domains are predicted for Lso1 residues 20-41 and 59-83, and for Lso2 residues 17-38 and 47-80, these domains are likely involved in protein-protein interactions.
Aft1-controlled genes are more likely involved in iron transport at the cell membrane, while Aft2-controlled genes are in intracellular iron trafficking (Courel et al. 2005) . Because deletion of AFT1 has a more dramatic effect on LSO1 basal and inducted expression and deletion of the Fet3 iron transporter increases Lso1 protein levels (Fig. 3) , Lso1 protein may be involved in iron transport at the cell membrane (Fig. 5B) . This is consistent with the increased cytoplasmic localization of Lso1 observed during iron deprivation (Fig. 3C) . The paralog LSO2 is not regulated by Fe. Neither is the . LSO1 and LSO2 are required for optimal growth under irondeficient conditions. Ten-fold serial dilution of cells from log-phase cultures was dot-plated and images were taken after 3 days at 30°C. (A) Growth defect of lso1Δ lso2Δ double mutant under iron starvation. Congenic wild-type, lso1Δ, lso2Δ, and lso1Δ lso2Δ double mutant cells were grown on SD medium supplemented with 1 mmol/L of ferrozine and 25 μmol/L of ferrous iron. (B) Synthetic growth defect between fet3Δ and lso1Δ lso2Δ. Congenic wild-type, fet3Δ, fet3Δ lso1Δ, fet3Δ lso2Δ, and fet3Δ lso1Δ lso2Δ mutant cells were on YPD medium supplemented with 100 μmol/L bathophenanthrolinedisulfonic acid.
(A) (B)
LSO1 adjacent gene POL31. Consistent with the transcriptional induction of LSO1 by iron deprivation, the LSO1 promoter region contains three consensus Aft1/2 binding sites YRCACCCR ( Fig. 2A) , while LSO2 promoter has none. The best fit to the consensus is site A2 with 8/8 matches. These sites are conserved in many Saccharomyces strains and species. Even in the distantly related filamentous fungus A. gossypii LSO1 homolog AAL130W, there is an Aft site (GCACCCA) in a similar location about 114-120 bp upstream of the initiator ATG.
We found that iron deprivation leads to a pronounced cell cycle arrest after about three generations in BPS (Fig. 1) . Defects in cell cycle-specific events lead to accumulation of yeast cells at a specific point in the cell cycle (Hartwell 1974) . We have found that yeast cells depleted of iron arrest in G1 of the cell cycle at a point similar to START in that the cells are large and unbudded and arrested before production of the S-phase cyclin Clb5 and the M-phase cyclin Clb2 (Lew et al. 1997) (Fig. 1) . These results are similar to that found in human cancer cells, which also arrest in G1 phase when treated with an iron chelator (Brodie et al. 1993) . These human cancer cells arrest after production of the G1/S-phase cyclin E, but before production of the S-phase cyclin A (Siriwardana and Seligman 2013) . The human cancer cells grown under iron starvation also exhibited a second arrest point in S phase as a result of the inhibition of RNR (ribonucleotide reductase), which is needed to produce deoxynucleotides (Siriwardana and Seligman 2013) . We did not detect this second point in yeast perhaps because the first point in G1 phase is more sensitive to the effect of iron depletion than the latter point in S phase. We propose our results show yeast is a valuable model for studying the effect of iron deprivation on the cell cycle in human cancer cells.
